The structural and magnetic properties of mixed Pt-Co and Pt-Fe trimers and tetramers in the gas-phase and supported on a free-standing graphene layer have been calculated using density-functional theory. The influence of the strong magnetic moments of the 3d atoms on the Pt atoms and the influence of the strong spin-orbit coupling contributed by the Pt atoms on the 3d atoms have been studied in detail. All mixed trimers form isocele triangles in the gas-phase. On a graphene layer the structure is influenced by the strong binding of the 3d atoms, leading to an asymmetric configuration for Pt-rich and more symmetric structures for 3d-rich clusters. The magnetic anisotropy energy defined as the energy difference for easy and hard magnetization directions varies between 5 and 13 meV/atom for the free trimers, but is strongly reduced to values between 0.7 and 6.6 meV/atom for the graphene-supported clusters. The saddle-point energy representing the barrier against magnetization reversal is on average 3 meV/atom for free trimers, it is reduced to 2 meV/atom for the more symmetric PtCo(Fe) 2 clusters, and to only about 0.3 meV/atom for the asymmetric Pt 2 Co(Fe) cluster on graphene. For the mixed tetramers the strong magnetism stabilizes a flat geometric structure, except for Pt 3 Co which forms a distorted trigonal pyramid. The geometry of the graphene-supported tetramers is very different due to the requirement of a good match to the substrate. Large magnetic anisotropy energies are found for free Pt 3 Co where the change of the magnetization direction also induces a transition from a high-to a low-moment magnetic isomer. For all other free tetramers the magnetic anisotropy energy ranges between 3 to 5 meV/atom only, it is further reduced to 0.4 to 3.8 meV/atom for the graphene-supported tetramers. The reduction is strongest for Pt 3 Fe/graphene because of the asymmetric structure of the adsorption complex. The barriers against magnetization reversal range between only 0.3 meV/atom for Pt 3 Fe/graphene and about 3 meV/atom for PtFe 3 and Pt 3 Co. Altogether our results demonstrate a strong correlation between the geometric and magnetic degrees of freedom and the necessity to base investigations of the magnetic anisotropy of nanostructures on a simultaneous optimization of the total energy with respect to all geometric and magnetic parameters.
Introduction
The properties of magnetic nanostructures have been for a long time in the center of intense research efforts because of their potential application as information storage media. The focus is on materials with a large magnetic anisotropy where the direction of the induced magnetization is expected to be stable against thermal excitations. A high magnetic anisotropy energy (MAE) is expected in systems with large spin and orbital magnetic moments and strong spin-orbit coupling (SOC). Hence bimetallic nanostructures in which large moments are carried by ferromagnetic 3d transition-metal atoms and heavy 5d atoms contribute to a strong SOC are promising candidates.
Enhanced orbital moments and magnetic anisotropy energies have been found in experimental and theoretical investigations of Fe(Co)-Pt multilayers and nanoparticles [1] [2] [3] [4] [5] [6] [7] [8] . While most investigations have concentrated on nanoparticles containing several hundreds of atoms an bulklike structures, the magnetic properties of very small clusters consisting of only a few atoms deserve increased attention.
During the last years, we have investigated the magnetostructural properties of small Pt clusters in the gas-phase [9] and adsorbed on graphene, either free-standing [10] or supported on a metallic substrate [11] . For free Pt n clusters our calculations predict large orbital moments, comparable in magnitude to the spin moments and an MAE of several meV/atom. Although the binding of the clusters to graphene layer via only one or two Pt atoms is weak, their magnetic structure is much more inhomogeneous than in the gas-phase, with a non-collinear orientation of the magnetic moments and a MAE reduced to roughly one third [10] . On metal-supported graphene layers the adsorption is stronger, leading to a further reduction of the magnetic anisotropy [11] .
Recently investigations of mixed IrCo, PtCo and PtFe dimers [12] [13] [14] have reported astonishingly large MAE's for some mixed dimers. Large MAE's reaching 70 meV/dimer for Ir 2 and 46 meV/dimer for Pt 2 had been predicted before for homoatomic dimers [15] . A large magnetic anisotropy exists if the two-fold degeneracy of a singly occupied state at the Fermi level for magnetization perpendicular to the dimer axis is lifted for axial magnetization [16] . A similar argument also explains the large MAE's for IrCo (69 meV/dimer) and PtCo (19 meV/dimer) on one and the small axial anisotropy of PtFe dimers (3 meV/dimer) on the other hand [13] . For dimers adsorbed on graphene the magnetic properties are found to be very sensitive to the interaction with the support. All dimers are adsorbed in an upright configuration. While for Pt 2 bound to a C-C bridge site spin-and orbital moments and the MAE are only reduced, a Ir 2 dimer bound in the center of a sixfold hollow is almost completely demagnetized. In contrast, mixed dimers are bound through the 3d-atom to a hollow site. The binding to the substrate weakens the binding between the atoms forming the dimer so that the properties of the 5d atom become more free-atom like, with enhanced spin and orbital moments, while moments of the 3d atom are strongly quenched. Compared to the free dimers, the MAE is even enhanced for IrCo (93 meV/dimer), reduced for PtCo (12 meV/dimer) and changes sign for PtFe where the easy magnetic axis is now also parallel to the dimer axis. Again the changes in the magnetic properties can be traced back to the properties of the highest occupied electronic eigenstates. The presence of a Cu-substrate enhances the interaction between the dimer and the support. For the homoatomic dimers a flat adsorption geometry is stabilized, while for the heteroatomic IrCo and PtCo dimers the upright geometry is preserved. The stronger interaction with the support leads to an enhanced MAE for IrCo (204 meV), while that of PtCo is reduced (7 meV) [14] . Whether similar effects lead to an enhanced MAE also for larger clusters is an open question.
In the present work we have investigated the magnetic properties of heteronuclear Pt-Co and Pt-Fe trimers and tetramers, both in the gas-phase and adsorbed on a graphene monolayer. For dimers the origin of a large MAE is relatively simple: the two-fold degeneracy of a singly occupied state at the Fermi level for magnetization perpendicular to the dimer axis is lifted for an axial magnetization (see [13] and references therein). The geometrical properties of the dimers, however, are not affected (apart from a modest change in the bondlength reported for Pt 2 ). Trimers and tetramers are the smallest clusters for which magneto-structural effects could appear. For a highly symmetric cluster the possible degeneracy of the electronic eigenstates near the Fermi level can be lifted also by a Jahn-Teller distortion. Indeed for a Co 3 trimer an isosceles triangle has a lower energy than the more symmetric equilateral structure and also a much lower MAE [16] . For a Fe 3 trimer treated in a scalar-relativistic approach or including SOC the ground-state structure is also an isosceles triangle, although an equilateral configuration with a higher moment is only slightly higher in energy. For mixed clusters containing a heavy atom contributing a large SOC such as Pt the magnetic structure is much more inhomogeneous and both SOC and the direction of magnetization can affect the geometric structure. For clusters adsorbed on graphene the adsorption energies are only modest (a few tenths of eV/atom), because the energy gain by the formation of quite strong cluster-substrate bonds is partially compensated by the deformation of the clusters required to achieve a good match to the substrate. The binding to the substrate lowers the symmetry of the cluster and minimizes the influence of SOC on the geometry. Cluster-geometry and the interaction between 3d and 5d atoms and with the substrate have a strong influence on the magnetic anisotropies which is discussed in detail.
Computational method
Our investigations are based on spin-polarized density functional theory (DFT) as implemented in the Vienna ab initio simulation package VASP [17, 18] . The electron-ion interactions were described using the projector augmented wave (PAW) method [18, 19] . The basis set contained plane waves with a maximum kinetic energy of 500 eV. For electronic exchange and correlation effects we chose the functional of Perdew, Burke and Ernzerhof (PBE) [20] in the generalizedgradient approximation (GGA) and the spin-interpolation proposed by Vosko et al [21] Our motivation for the choice Table 1 . Binding energies E b (in eV/atom), equilibrium structure, interatomic distances d ij (in Å), spin and orbital moments, m S and m L , (in µ B /atom) and magnetic anisotropy energy MAE (in meV/trimer) for Fe 3 of the PBE functional has been discussed in detail in our work on mixed dimers [13] . Spin-orbit coupling has been implemented in VASP by Kresse and Lebacq, [22] following the approach of Kleinman and Bylander [23] and MacDonald et al [24] Calculations including SOC have been performed in the non-collinear mode implemented in VASP by Hobbs et al [25] Magnetic anisotropy energies have been calculated as total energy differences from selfconsistent calculations for different orientations of the magnetic moments. For all further computational details we refer the readers to our previous publications [9, 11, 13, 15] The binding energy per atom in a free Pt m X l cluster (X = Co, Fe) is calculated as the total energy of the cluster minus the energy of the isolated atoms (n = m + l),
The adsorption energy for a Pt m X l -cluster on graphene is calculated as the total energy difference between the clustergraphene complex, E(Pt m X l ) graph , the clean graphene layer, E(graph) and the cluster in the gas-phase,
Equation (2) provides the interaction energy of Pt m X l -clusters of a certain size and shape with the graphene sheet. The binding between atoms in the adsorbed cluster is measured by the cohesive energy of the adsorption complex minus the energy of the graphene layer and the energy of the free Pt and X atoms,
For the graphene layer we have used the same model as in [13] . For trimers and tetramers on graphene both flat and upright configurations, with different locations of the binding atoms on the graphene layer have been explored. Flat clusters on graphene are unstable, the structural relaxation leads in all cases to the formation of a three-dimensional cluster, details are given below.
Magnetic anisotropy of homoatomic Fe and Co clusters
Clusters formed by the ferromagnetic metals Fe, Co and Ni have been studied repeatedly using density functional methods (for a compilation of the literature see, e.g. the papers of Johll et al [26, 27] ). For Fe 3 spin moments of 8 ( [28] ) and 10 µ B ( [27, 29] ) have been reported and Johll et al [27] also found a high-spin state with 12 µ B at an only slightly increased total energy. The geometry has been described either as an equilateral [28] or an isocele [29] triangle. Johll et al [27] reported an equilateral triangle for the high-spin state and a distorted geometry for the ground-state. Similarly, magnetic moments of 5 or 7 µ B and equilateral or distorted geometries were reported for Co 3 [27, 28, 30] . For the tetramers distorted tetrahedral geometries and magnetic moments of 14 µ B for Fe 4 ( [27, 31] ) and 10 µ B for Co 4 ( [27, 28] ) were found. The competition between structural and magnetic effects in small Fe clusters has been discussed in detail by Rollmann et al [32] .
Trimers
Our results for trimers are summarized in table 1. For Fe 3 scalar-relativistic calculations predict a ground state with a magnetic moment of 10 µ B forming an isocele triangle with a difference of 0.26 Å between the short and long edges. A high-spin state with a moment of 4 µ B per atom, forming an equilateral triangle is about 40 meV higher in energy, interatomic distances are expanded by about 0.06 Å on average. These results are in good agreement with Johll et al [27] The geometric structure remains unchanged if SOC is included, in the ground state the magnetization is perpendicular to the plane of the isocele triangle. Spin-moments are reduced, the larger moments of 3.10 µ B are located on the atoms separated by the longer edge, orbital moments are very small. The hard magnetic axis is in-plane, parallel to the long edge of the triangle, the MAE is 1.2 meV/cluster. Spin moments are isotropic and there is only a marginal negative orbital anisotropy of −0.01 µ B . For in-plane magnetization parallel to the twofold symmetry axis the MAE is only 0.7 meV/trimer and there is a slightly larger orbital anisotropy of m L = −0.05 µ B on the atoms carrying larger local moments. For Co 3 scalar-relativistic calculations predict a small distortion of the threefold geometry, which is not reflected in the local spin moments. Johll et al [27] reported energetically almost degenerate states with 7 µ B and 5 µ B and much more pronounced distortions of the triangular geometry, albeit at a lower binding energy of only −1.68 eV/cluster. Strandberg et al [16] found the 7 µ B state with isocele geometry to be slightly lower than the 5 µ B state forming an equilateral triangle. If SOC is taken into account, the differences in the bond lengths become much more pronounced and the broken threefold symmetry is also reflected in the increased spin moments. Orbital moments are larger than in the Fe trimer. The easy axis is in-plane, parallel to the twofold symmetry axis. In-plane rotation of the magnetization costs a small MAE of 1.3 meV/cluster and is related to a reduction of the local magnetic moments of up to 0.03 µ B . A larger MAE of 2.1 meV/cluster is required for perpendicular magnetization. This configuration is characterized by a small spin anisotropy of 0.01 µ B , the orbital moments are lowered to 2 × 0.12 and 0.15 µ B . The MAE of the Co 3 trimer was also calculated by Strandberg et al [16] using similar approach, but a fixed geometry. A perpendicular easy axis was found for both structural variants, with a MAE of 3.9 meV for the low-and of 2.4 meV for the high-symmetry variant.
For the Pt 3 trimer the easy axis is in-plane, parallel to the symmetry axis, as for Co 3 . Perpendicular magnetization is disfavored by a much larger MAE of 15.2 meV/trimer, but there is only a very small in-plane MAE of 0.6 meV/trimer. Both spin and orbital moments are strongly anisotropic [9] .
Tetramers
Tetramers are the smallest clusters where either three-or twodimensional geometries can be formed. The flat configurations may be stabilized by the binding to a substrate. Our results for Fe 4 and Co 4 in both geometries are summarized in table 2. For both tetramers a distorted tetrahedral structure (point group S 4 ) with four short and two longer edges is more stable than a flat geometry forming a rhombus, with structural energy differences of 58.6 meV/atom for Fe 4 and 76.6 meV/atom for Co 4 .
In the scalar-relativistic limit the results for 3D-Fe 4 with a total moment of 14 µ B are in very good agreement with Johll et al [27] As for the Fe 3 trimer SOC leaves the structure unchanged, it is also independent of the direction of magnetization. The spin moments are reduced due to the mixing with a low-spin isomer, the orbital moments are low, as for the trimer. The easy magnetic axis is parallel to one of the long edges of the distorted tetrahedron, rotation of the magnetization direction within the plane of a triangular facet by 90
• costs a small MAE of 2.8 meV/cluster, related to a reduction of two of the local orbital moments from 0.10 to 0.07 µ B . 2D-Fe 4 forms a rhombus with slightly shorter interatomic distances than in the 3D structure. Again, SOC leaves the structure unchanged, independent of the direction of magnetization. The easy axis is parallel to the short diagonal of the rhombus, in-plane rotation parallel to the long diagonal costs an MAE of 0.69 meV/tetramer, connected with an enhancement of two of the local orbital moments from 0.09 to 0.13 µ B and a reduction of the other two from 0.08 to 0.06 µ B . Perpendicular magnetization is disfavored by 0.53 meV/tetramer and very small orbital anisotropies of 0.01 and 0.02 µ B . Spin moments remain isotropic.
For 3D-Co 4 the distortion from a perfect tetrahedral geometry is more pronounced (see table 2), in very good agreement with Johll et al [27] Strandberg et al [16] reported a structure with the same symmetry, but much shorter interatomic distances. SOC leaves the geometry almost unchanged (distances increase by 0.01 Å), the easy magnetic direction is along one of the longer edges of the tetrahedron.
The local magnetic moments do not reflect the geometric distortion of the cluster. An in-plane rotation of the magnetization direction by 90
• costs only 0.5 meV, both spin and orbital moments are isotropic to within 0.01 µ B . For 2D-Co 4 forming a rhombus SOC leads to an even stronger reduction of the spin moments, but to larger orbital moments than for the 3D geometry. The easy axis is parallel to the long diagonal, in-plane rotation of the magnetization costs 3.1 meV/tetramer, the perpendicular MAE is 6.8 meV/tetramer. The much larger MAE than for flat Fe 4 is related to local orbital anisotropies around 0.2 µ B .
Scalar-relativistic calculations for graphene-supported Fe n and Co n (n = 1 − 4) clusters have been reported by Johll et al [26, 27] and for Fe n clusters by Longo et al [33] and by Srivastava et al [34] For Fe 3 the predicted equilibrium adsorption structure is either an upright triangle bound through an Fe-Fe edge to hole sites ( [27] ), an upright triangle bound only through a single Fe atom to a sixfold hole ( [34] ), or a triangle in an oblique orientation with respect to graphene, bound through one Fe atom to an on-top site and the upper Fe atom above a hole ( [33] ). The cluster moments are strongly reduced compared to the free trimer to 8.69 µ B , 8.09 µ B and 8.95 µ B , respectively. For the tetramer the predicted adsorption geometries are a tetrahedron bound through one of the triangular facets to three hole sites ( [27] ), a top-down trigonal pyramid centered above a sixfold hole ( [34] ) and a zig-zag chain ( [33] ). The magnetic moments of 10.92 µ B , 11.57 µ B and 12.89 µ B per cluster are also very different. These results merely emphasize how difficult it is to find the equilibrium geometry of adsorbed clusters. Only Johll et al [27] have reported results for a number of competing geometries and we think that their results are most trustworthy. In the present work homoatomic Fe and Co clusters have not been considered, because our focus is on the magnetic anisotropy which can be expected to be small in 3d clusters.
For the tetramers no direct comparison with Pt 4 is possible, because the ground state of the stable rhombic structure is antiferomagnetic and that of the metastable tetrahedral tetramer is noncollinear [9] . For the flat structure the MAE between excited ferromagnetic state with an in-plane easy axis (parallel to the short diagonal of the rhombus) and perpendicular magnetization is 21.2 meV/tetramer. The inplane MAE for rotation to a direction parallel to the long diagonal of 34.9 meV/tetramer is even higher. These large values of the MAE are again correlated to strong spin and orbital anisotropies.
Heteroatomic Pt-Co and Pt-Fe trimers
The results for the stability of the free and graphenesupported mixed clusters are summarized in the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia). Here it is sufficient to mention that the binding energy increases more than linearly with the cluster size such that the formation of larger clusters by coagulation of the smaller ones is energetically favored. The formation of mixed clusters is also favored by a small exothermic heat of formation around 0.1 to 0.2 eV/atom for Pt-Co clusters and 0.3 to 0.4 eV/atom for Pt-Fe clusters, both in the gas-phase and adsorbed on graphene. Here we concentrate on the magnetic properties and their correlation with the atomic structure. 2 SOC leaves the cluster geometry practically unchanged, for inplane magnetization the Fe-Fe distance is enhanced by 0.01 Å, for perpendicular magnetization it is reduced by the same amount. The total spin moment is reduced and the reduction is not completely compensated by the orbital moment. The easy magnetization direction is parallel to the Fe-Fe edge of the triangle (see figure 1(a) ), in agreement with the axial magnetization of the Fe 2 dimer. Parallel to the twofold symmetry axis is the hard magnetic direction with an MAE of 17.8 meV. The MAE for perpendicular magnetization is only 11.3 meV. In the states with in-plane magnetization the orbital moments on the Fe atoms are quite strongly non-collinear. In contrast the orbital moments of the Pt atom are strictly collinear to the spin moments and quite strongly anisotropic. The magnetization oriented perpendicular to the geometric symmetry axis breaks the symmetry. The magnetic point group symmetry has been discussed in detail for the Pt n clusters [9] . For PtFe 2 the magnetic point group symmetry is m m2 for the easy in-plane direction, 2m m for the hard in-plane magnetic axis and m m2 for perpendicular magnetization (where the prime indicates that the symmetry operation must be combined with a time-reversal operation which reverses the direction of axial vectors such as the magnetic moment) [35] .
Gas-phase trimers
For the Pt 2 Fe triangle the easy magnetic axis is parallel to the two-fold symmetry axis, perpendicular to the Pt-Pt bond, see figure 1(b). SOC increases Pt-Fe distances by 0.02 Å while the Pt-Pt edge is shortened by 0.05 Å. For magnetization along the Pt-Pt edge the interatomic distances are equal to those calculated in the SR limit. For magnetization perpendicular to the triangle (this is the hard magnetic axis) the Pt-Fe distances are the same as for easy-axis magnetization, while the Pt-Pt distance is reduced to 2.78 Å. Since the spin moment reduced to about 5 µ B is compensated by an orbital moment of about 1 µ B SOC leaves the total magnetic moment of the cluster almost unchanged. The local spin and orbital moments are collinear. An in-plane rotation of the magnetization to a direction orthogonal to the easy axis (parallel to the Pt-Pt edge of the triangle) costs an MAE of 8.5 meV. The change of the magnetization direction induces a modest reduction of the spin and orbital moments on the Pt atoms and a reduced orbital moment on the Fe atom while its spin moment is even slightly increased. The hard magnetic axis is perpendicular to the plane of the Pt 2 Fe triangle, with a large MAE of about 38.9 meV. The large MAE is correlated to a strong orbital anisotropy on the Pt atoms. The magnetic point group symmetry of the three configurations is the same as for PtFe 2 , but the energetic ordering of the two states with in-plane magnetization is reversed. Details of the local spin and orbital moments are also summarized in table III of the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia). 
Magnetic anisotropy of Pt-Co trimers.
For the PtCo 2 trimer SOC predicts the easy magnetic axis to be in-plane, parallel to the twofold symmetry axis of the isocele triangle (see figure 2 (a)). The local orbital moments on the Co atoms are non-collinear, they are canted towards the twofold symmetry axis. In this configuration the interatomic distances are the same as in the scalar-relativistic limit, the reduction of the total spin moment is compensated by the orbital moment.
In-plane rotation of the magnetic axis parallel to the Co-Co edge costs an energy of 6.7 meV and induces a geometric distortion of the triangle: one of the Pt-Co distances is reduced from 2.37 Å to 2.32 Å, the second is stretched to 2.50 Å. The distortion is also reflected by different magnetic moments of the two Co atoms (see figure 2(a)). The spin moment on the Co sites is for in-plane rotation isotropic on average and nearly isotropic on Pt. The orbital anisotropy is modest for Pt and the Co atom with the larger spin, but strong on the Co atom with the lower spin. Rotation of the magnetic axis to a direction perpendicular to the triangle costs a large MAE of 36 meV. The Co-Pt distances increase by 0.03 Å, the Co-Co distance decreases by 0.04 Å compared to the easy-axis geometry. On the Pt atom we calculate a spin anisotropy which is larger than the orbital anisotropy, while on the Co atoms a smaller spin anisotropy is accompanied by a stronger reduction of the orbital moments. The magnetic point group symmetries are 2m m for easy-axis magnetization and m m2 for vertical magnetization, while for the hard in-plane axis symmetry is completely destroyed. For the Pt 2 Co cluster SOC causes a slight change in the geometric structure (see figure 2(b)). Regardless of the magnetization direction we found an increase of the Pt-Co distances by 0.01 Å to 2.32 Å and a reduction of the Co-Co distance to 2.52 Å. The easy magnetic axis is in-plane, parallel to the twofold symmetry axis of the triangle as for the PtCo 2 trimer, but now all local moments are collinear. The in-plane MAE is 15.3 meV, larger that the MAE of 9.7 meV required to rotate the magnetization to a direction perpendicular to the plane of the triangle. For in-plane magnetization SOC leads to an increase of the total magnetic moment: a slight decrease of the spin moment by about 0.2 µ B is overcompensated by a total orbital moment of ∼0.7 µ B . For perpendicular magnetization the total moment calculated including SOC is about equal to the scalar-relativistic spin moment. The spin anisotropy is rather modest for both species. While the orbital moment on Co is reduced by 0.21 µ B for the inplane hard axis and it is even anti-parallel to the spin moment for perpendicular magnetization (see figure 2(b)), the orbital moment on the Pt atoms is largest for magnetization along the hard axis, such that for both the easy and the hard directions (both in the plane of the triangle) the total spin and orbital moments of the cluster are almost the same, in contrast to the vanishing orbital anisotropy for magnetization perpendicular to the triangle. The magnetic point group symmetries are 2m m for easy axis magnetization and m m2 for the other two configurations. The symmetries are the same as for the Pt 3 trimer, but the magnetic ordering of the two excited states is reversed. The values of the local spin and orbital moments and the MAE for both Pt-Co trimers are given in figure 2 and summarized in table IV of the supplementary material (stacks.iop.org/JPCM/27/046002/mmedia).
Trimers supported on graphene
For the mixed trimers supported on a freestanding graphene layer we have explored a number of possible adsorption geometries to initialize the structural relaxation: parallel and perpendicular to the substrate, with the cluster atoms in contact with the support located in either bridge (br) or sixfold hollow (6h) sites. Quite generally trimers adsorbed parallel to the graphene layer were found to be unstable. In the following we report only our results for the stable or metastable configurations. The binding of the trimers to graphene is quite strong, the adsorption energies E int per cluster range between −1.2 eV for Pt 2 Fe and −1.70 eV for PtCo 2 (details are reported in the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia)). Binding occurs preferentially through the 3d atom, Fe and Co atoms are located about 1.7 Å, Pt atoms between 2.2 and 2.4 Å above the graphene layer which is buckled with amplitudes between 0.12 and 0.37 Å due to the expansion of the distances between the C atoms binding to the trimer. Due to the strong clustersubstrate binding the influence of SOC on the cluster geometry is minimized. Interatomic distances change only by less than 0.01 Å.
Geometric and magnetic structures of Pt-Fe trimers on
graphene. In the most stable configuration the PtFe 2 trimer is perpendicular to the graphene sheet, see figure 3 (a). The two Fe atoms are located close to 6h sites at a distance of 2.31 Å, increased by 0.2 Å compared to the free cluster, but still slightly smaller than the distance between hollow sites in the undistorted graphene layer. The point group symmetry is 2 mm as for the free cluster. The buckling creating a depression in the layer below the adsorbate is rather modest (0.12 Å). The adsorption energy is −1.39 eV/cluster. The spin moments on the Pt and Fe atoms together with small Rotation of the magnetization axis parallel to the support to a direction parallel to the C-C bonds, but oblique to the triangle costs only an MAE of 0.2 meV, although both the spin and orbital moments are reduced to 3.73 and 0.29 µ B , respectively. Detailed information on the local magnetic moments is compiled in table III of the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia). The modest MAE of the stable graphene-supported Pt 2 Fe trimer is related to the lack of symmetry. A much larger MAE of 18.9 meV/cluster between the perpendicular easy axis and inplane magnetization is found for the metastable (but more symmetric) adsorption geometry bound through the Pt-Pt edge. Details of the magnetic structure of this metastable configuration are given in figure 1 of the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia).
Geometric and magnetic structures of Pt-Co trimers on
graphene The stable adsorption geometries of Pt-Co trimers resulting from the scalar-relativistic calculations are shown in figure 5 . The most stable PtCo 2 triangle is perpendicular to the graphene layer. The cluster binds to the support through the Co-Co edge, with both Co atoms located close to 6h sites and the Pt atom above a br position. The point group symmetry is 2 mm. The Co-Co distance of 2.49 Å is strongly elongated relative to a bond length of 2.06 Å in the free cluster and it is also slightly larger (by 0.05 Å) than the distance between two 6h sites. The adsorption induces a weak buckling of the graphene with an amplitude of 0.13 Å such that the cluster is located in a shallow depression, 1.67 Å above the C atoms on average. The adsorption energy is E int = −1.70 eV/cluster and the binding energy between the atoms in the adsorbed cluster amounts to E b−ads = −2.81 eV/atom, while the binding energy in the free cluster is only −2.24 eV/atom. The strong interaction between cluster and substrate overcomes the distortion energy of PtCo 2 and graphene. The local spin moments are 1.66 µ B on the Co atoms and 0.64 µ B on the Pt atom. Very small magnetic moments of up to 0.02 µ B are induced on the C atoms such that the total moment of the adsorbate-substrate complex is 4 µ B , reduced compared to the free trimer by the quenching of the local moments on the binding Co atoms.
An initially flat configuration with all three atoms in 6h positions relaxes to the upright geometry described above, but adopts a different magnetic state. The Pt atom is non-magnetic, the Co atoms carry moments of ±1.6 µ B i.e. the cluster is antiferromagnetic. Small antiferromagnetic moments are also induced on the graphene layer. The adsorption energy of −1.51 eV/cluster corresponds to a magnetic energy difference of about 0.2 eV.
Relativistic calculations performed for the most stable PtCo 2 /graphene structure predict an easy magnetic axis perpendicular to the graphene layer and to the Co-Co bond and in the plane of the PtCo 2 triangle, see figure 6 (a). The total magnetic moment is 4.47 µ B (a slight reduction of the spin moment is overcompensated by the orbital moment, i.e. m S = 3.92, m L = 0.65 µ B ). A rotation of the magnetization to the direction parallel to the graphene layer and perpendicular to the triangle costs an anisotropy energy of 8.6 meV. The total magnetic moment is reduced to 4.11 µ B (m S = 3.77, m L = 0.34 µ B ). Another in-plane solution with the total moment pointing along the Co-Co bond has a total magnetic moment of 4.35 µ B (m S = 3.93 µ B , m L = 0.42 µ B ), the MAE is 19.9 meV above the GS solution. The magnetic point group symmetries are the same as for the free PtCo 2 trimer, but the energetic ordering of the excited states is reversed. This is related to the absence of the strong structural distortion for magnetization parallel to the Co-Co edge. In a more symmetric metastable configuration (point group 2 mm) the Pt 2 Co cluster binds weakly through the Pt-Pt edge to br sites (see panel (c) of figure 5 ). As for the Pt 2 Fe cluster we find a much higher MAE of 12.1 meV for the symmetric metastable than for the asymmetric stable configuration.
Details are given in table VI and figure 1(b) of the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia).
Heteroatomic Pt-Fe and Pt-Co tetramers

Gas-phase tetramers
Tetramers are the smallest clusters where two-dimensional (2D) and three-dimensional (3D) geometries are in competition. Scalar-relativistic calculations predict a tetrahedral structure for most homoatomic transition-metal tetramers, eventually distorted due to a Jahn-Teller effect. For the heavy 5d metals, however, recent studies have demonstrated [9, 36] that relativistic effects stabilize a planar rhombic over a tetrahedral configuration. For Pt 4 tetramers, however, the stabilization of the 2D geometry is not only a relativistic effect, but depends also on the magnetic moment. In the scalarrelativistic mode, a distorted tetrahedron is favored over a rhombus by 49 meV/atom for m S = 0 (fixed moment calculations), the structural energy difference drops to 24 meV/atom for m S = 2 µ B and for a high-spin state with m S = 4 µ B the 2D geometry is favored by −22 meV/atom. Taking the magnetic energy differences into account, the distorted Pt 4 tetrahedron with m S = 2 µ B is favored by only 2 meV/atom over a rhombus with m S = 4 µ B [37] . SOC leads to a structural energy difference of −32 meV/atom in favor of a rhombus for an antiferromagnetic ground state with easy axis perpendicular to the plane of the rhombus. For in-plane magnetization a ferromagnetic state with m S = 1.6 µ B , m L = 2.4 µ B , m J = 4 µ B , however, is 1.5 meV/atom lower in energy than an antiferromagnetic state [9] . These results suggest that if a high-moment state is stabilized by substitution of Fe or Co for Pt, a flat geometry might be favored.
For mixed 3d-5d clusters the symmetry is necessarily reduced and it remains to be seen whether the strong SOC on the 5d atom is sufficient to produce effects similar to those observed on homoatomic 5d clusters. In the present work we have investigated Pt 3 X and PtX 3 (X = Co, Fe) clusters in 2D and 3D structures using both scalar-relativistic and relativistic methods. The initial geometries were created by adding a Pt or a Co(Fe) atom to the relaxed structure of the trimer such as to complete a distorted trigonal pyramid or to form a deltoid.
The structural, energetic and magnetic properties of all four tetramers calculated in the scalar-relativistic approximation and including SOC (for the easy axis configuration) are summarized in table 4. The most striking result is that with the exception of Pt 3 Co a 2D structure in the form of a deltoid (point group symmetry 2 mm, the same as for an isocele triangle) is found to be lower in energy by about 50 to 80 meV/atom than a 3D structure forming a distorted trigonal pyramid. Only for PtFe 3 the 3D structure is an almost ideal tetrahedron (point group symmetry 43 m).
In contrast to the preference for a flat geometry in Pt 4 this is not a relativistic effect, SOC even slightly reduces the structural energy difference. Only for Pt 3 Co a 3D structure is preferred by about 96 meV/atom over the flat deltoid. In this case for the 3D tetramer a high-spin state with a total moment of 5 µ B is found to be energetically degenerate with a geometrically distorted low-spin state with 3 µ B . The lower moment is the same as the SR spin moment of the Pt 2 Co trimer or of a free Co atom. The SR spin moment of 6 µ B of Pt 3 Fe is the same as that of the Pt 2 Fe trimer and larger by 2 µ B than the spin moment of a free Fe atom. This means that the substitution of a Pt atom by Fe leads to a much stronger magnetic polarization of the remaining three Pt atoms than a substitution by Co. The stronger magnetism of the Pt 3 group in Pt 3 Fe stabilizes a flat geometry, in accordance with the observations discussed above. The differences in the structural stability and in the magnetic polarization of the Pt atoms are also correlated to significant differences in the interatomic distances: in the 2D geometries of the Pt 3 X tetramers the difference between the Pt-Pt distances along the edges and through the diagonal is much larger for Pt 3 Fe than for Pt 3 Co, in the 3D geometry the Pt-Pt distances are larger for the cluster containing Fe.
For PtCo 3 the additional Co atom enhances the cluster moment by only 1 µ B compared to PtCo 2 , whereas for PtFe 3 the added Fe atom contributes a moment of 4 µ B , equal to that of a free Fe atom. This means that while in the PtFe n dimers, trimers and tetramers the total spin moment is always equal to the sum of the moments of n free Fe atoms, for PtCo n clusters this holds only for dimers and trimers, whereas in the tetramer the interaction with Pt reduces the magnetism of the Co atoms. The different magnetic properties are also reflected in the geometries: in the flat structure of PtCo 3 the Co atoms form an almost equilateral triangle, while in PtFe 3 the Fe-Fe distance along the diagonal of the deltoid is much longer than along the edges (see table 4 ). In the 3D configuration PtFe 3 forms an almost ideal tetrahedron, while PtCo 3 forms a trigonal pyramid with longer Pt-Co than Co-Co distances. In PtCo 3 the Co-Co distances are almost equal to those in a Co 3 triangle, while in PtFe 3 the Fe-Fe distances are enhanced on average by 0.12 Å and 0.15 Å in the 2D and 3D geometries, respectively. SOC generally reduces the total spin moment, but in most cases the reduction is overcompensated by the orbital moment. For some of the tetramers SOC lowers the symmetry, details are discussed in the following. For the Pt 3 X tetramers adsorbed on graphene the interaction with the substrate stabilizes a geometry intermediate between the 2D and 3D configurations-therefore it is important to investigate the influence of SOC on the magnetic properties of both geometric configurations. For PtX 3 tetramers the stable adsorption geometry is always a more or less distorted trigonal pyramid. In that case the flat configuration is less important as a reference.
Magnetic anisotropy of free Pt-Fe tetramers.
For the stable 2D structure of Pt 3 Fe with magnetization along the easy axis perpendicular to the deltoid (see figure 7(a) ) SOC leads to shorter Pt-Fe and Pt-Pt distances, but does not break the symmetry (see table 4 ). The total moment of 6.27 µ B (m S = 5.58 µ B , m L = 0.69 µ B ) is slightly increased relative to the scalar-relativistic result. Rotation of the magnetization to an in-plane direction along the Pt-Pt diagonal leads to modest changes of the moments, but to a strong increase of the Pt-Fe interatomic distances. The geometric structure of the excited configuration is almost identical to that calculated in the absence of SOC. The magnetic moments of the cluster are slightly enhanced to m J = 6.52 µ B (m S = 5.68 µ B , m L = 0.84 µ B ), the MAE is 4.0 meV. In-plane rotation of the magnetization by 90
• to a direction parallel to the Pt-Fe diagonal costs a larger MAE of 21.4 meV and changes the magnetic moments to m J = 6.36 µ B (m S = 5.49 µ B , m L = 0.87 µ B ). It also leads to very small changes in the interatomic distances. The magnetic point group symmetries are m m2 for the ground state and the first excited state and 2m m for the hard axis configuration. They are the same as for the Pt 2 Fe trimer, but their energetic ordering is just the inverse.
For the metastable 3D isomer SR calculations predict a trigonal pyramid (see table 4 ). SOC completely destroys the symmetry for the ground state with a non-collinear magnetic structure and a global magnetization direction parallel to the basal plane, see figure 7(b). In-plane rotation of the magnetization direction enhances the symmetry (magnetic point group symmetry m) and leads to strongly enhanced spin and orbital moments on the Pt atoms. For perpendicular magnetization the threefold symmetry is restored (magnetic point group 3 m) and the total moment of the tetramer is increased by 1.6 µ B compared to the GS. Hence the large MAEs of the 3D Pt 3 Fe clusters are energy differences between different structural and magnetic isomers. Similarly, for Pt n , n = 4, 5 it has been found that the MAE and the energy difference between magnetic isomers can be of the same order of magnitude [9] .
The structure of the stable 2D PtFe 3 cluster is unaffected by SOC and independent of the direction of magnetization. The calculations predict an in-plane easy magnetic axis parallel to the Fe-Fe diagonal of the deltoid, see figure 7 (c). The total cluster moment of 11.02 µ B (m S = 10.50 µ B , m L = 0.52 µ B ) is lower than without SOC. In-plane rotation of the magnetization direction by 90
• (parallel to the long Fe-Pt diagonal) leaves the spin moment practically unchanged and lowers the orbital and total moments by 0.13 µ B . The MAE for in-plane rotation is 6.4 meV. The hard magnetic axis is orthogonal to the plane of the tetramer. The MAE is 14.0 meV (with respect to the GS). The total spin and orbital moments are 10.53 and 0.43 µ B , respectively, together m J = 10.96 µ B . The magnetic point group symmetries are the same as for the Pt 3 Fe trimer, but the magnetic ordering of the two in-plane states is reversed.
For the geometric structure of the 3D isomer SOC leads to a reduction of the Fe-Fe distances and to an elongation of the Fe-Pt distances, transforming it from a nearly ideal tetrahedron to a distorted trigonal pyramid. The geometric distortion is modest in the ground state with magnetization perpendicular to the Fe 3 plane and much stronger for the excited state with magnetization perpendicular to the mirror plane. The magnetic structures and MAEs of 3D-PtFe 3 are presented in figure 7(d) , the magnetic point group symmetry is m for the ground state and m for the excited state. A compilation of the local and total spin and orbital moments of Pt-Fe tetramers can be found in table VII of the supplement (stacks.iop.org/JPCM/27/046002/mmedia).
Magnetic anisotropy of free Pt-Co tetramers.
Scalarrelativistic calculations predict that the PtCo 3 cluster forms a deltoid (with an equilateral triangle of Co atoms), which is 84 meV/atom lower in energy than a trigonal pyramid (see table 4 ). For both structural variants the total spin moment is 7 µ B . SOC leads only to a minimal change in the interatomic distances and a modest reduction of the structural energy difference. For both isomers the total spin moment is reduced, but this is overcompensated by a substantial orbital moment. For the 2D PtCo 3 trimer the easy magnetic axis is along the long diagonal of the deltoid (see figure 8(a) ), in-plane rotation of the magnetization parallel to the short diagonal cost an MAE of 3.1 meV/trimer, perpendicular magnetization an MAE of 10.9 meV/trimer. The magnetic point group symmetries for easy and hard axis magnetization are 2m m and m m2 , respectively, as for the PtCo 2 trimer. However, in contrast to the trimer the first excited state with magnetization parallel to the short diagonal has the same geometric structure than the ground state, but the magnetic point group symmetry of the hard-axis state. The MAE is correlated to a substantial orbital anisotropy ( m L = 0.13(0.65) µ B for in-plane (perpendicular) MAE), which arises mostly from the local orbital anisotropy of the Co moments (see figure 8 (a) and table VIII of the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia) for details).
For the metastable 3D isomer SOC does not affect the threefold symmetry, only the Co-Co distances are increased by 0.01 Å. Calculations including SOC initialized with magnetic moments parallel to the Co 3 triangle and parallel or perpendicular to one of the Co-Co edges, converged to energetically degenerate solutions with m J = 6.92 µ B (m S = 6.42 µ B , m L = 0.50 µ B ) and in-plane magnetization, as presented in figure 8(b) , which is the hard magnetic axis. Pt 3 Co is the only tetramer for which the 3D pyramidal structure is lower in energy (by 93 meV/tetramer, 96 meV/tetramer incl. SOC) than the flat deltoid. In the SR limit two energetically degenerate magnetic isomers with total spin moments of 5 µ B and 3 µ B exist for the 3D tetramer. For the high-spin isomer the trigonal symmetry of the pyramid is broken, as evident from the Pt-Pt distances and Pt local moments (see table 4 ). The symmetry is further reduced for the low-spin isomer. SOC leads to a GS with magnetization perpendicular to the Pt 3 triangle and a total spin moment of about 4 µ B , if the orbital moments are added, the total moment is m J = 5.05 µ B , equal to the high-spin isomer in the SR approximation. For magnetization parallel to the Pt 3 basal plane we have identified two energetically almost degenerate states with moments parallel to a Pt-Pt edge or to the mirror plane of the structure and a very large MAE of 54.6 meV/tetramer. Both excited states have a smaller total spin moment of about 3.3 µ B and an orbital moment of about 0.5 µ B (see figure 8(c) and table VIII of the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia)).
Hence the exceptionally large MAE is a magnetic energy difference between high-and low-moment magnetic isomers, as for Pt 3 Fe. For the ground state the magnetic structure is compatible with a mirror plane through the Co atoms and the symmetry line of the Pt 3 isocele triangle, the excited states are completely asymmetric.
For the flat 2D Pt 3 Co tetramer SOC induces only small changes in the geometry (see table 4 and figure 8(d) ). The easy magnetic axis is perpendicular, rotation of the magnetization into the plane costs an MAE of 4.2 meV/tetramer (moments parallel to the short diagonal) or 6.3 meV/tetramer (moments parallel to the long diagonal). The magnetic point group symmetries of the three configurations are the same as for the flat PtCo 3 cluster, but their energetic ordering is reversed. The total spin anisotropy is modest, but it is remarkable that the orbital moments are significantly larger in the excited states than in the GS. The local orbital moments on the Pt atoms vary quite strongly with the magnetization direction (see figure 8(d) and table VI of the supplement (stacks.iop.org/JPCM/27/046002/mmedia)) such that the total moment of the excited states is larger by about 0.8 µ B than in the ground state. For the ground state the total moment is m J = 4.37 µ B , intermediate between the low-and highmoment states of the 3D isomer, while for the excited states it is m J ∼ 5.15 µ B . This means that the situation is just the inverse as for the 3D geometry-here the low MAE is a consequence of the partial compensation between magnetic energy difference and intrinsic MAE.
Heteroatomic tetramers supported on graphene
For mixed four-atom clusters supported on a free-standing graphene layer both initially flat and 3D geometries have been considered. The 2D geometry is unstable, in all cases the structural optimization leads to a transformation from the 2D-configuration parallel to the graphene layer to 3D-structures. A similar stabilization of a 3D structure has also be found for a graphene-supported Pt 4 cluster [10] .
Adsorption geometries of tetramers.
The geometries optimized in the SR approximation are shown in figures 9 and 10. For the 3d-rich tetramers the stable geometry is in both cases a pyramid with the 3d-atoms close to six-fold hollows (6h) of the graphene layer. The trigonal symmetry is broken, but for PtFe 3 this is reflected only in a small difference in the Fe-Fe distances and not in the local spin moments, while for PtCo 3 the local spin moments are also different. The Fe-Fe and Co-Co distances are stretched due to the binding to the substrate, while the Pt-X distance to the apical Pt atom is unchanged or even elongated compared to the free tetramer.
The binding energy E int calculated for PtFe 3 pyramid is −1.26 eV/cluster (relative to 3D free PtFe 3 ). The total magnetic moment of the cluster/support complex is 9 µ B , reduced compared to 12 µ B for the free tetramer. The contribution of the moments induced on the C atoms is about 0.5 µ B , the spin on the Fe atoms is reduced by about 0.6 µ B , the spin on the Pt atom by 0.4 µ B compared to the free PtFe 3 cluster. The buckling amplitude of the graphene-sheet is 0.26 Å, the cluster is located in a depression.
The binding energy of PtCo 3 is −1.12 eV/cluster (relative to the stable 2D isomer of free PtCo 3 ) or −1.46 eV/cluster relative to the 3D isomer. The trigonal symmetry is broken (as evident from the Co-Co distances and the local spin moments), the Co atoms are also slightly displaced relative to the 6h sites. The total magnetic moment of the cluster/substrate complex is 5 µ B , reduced by 2 µ B compared to the gas-phase cluster. In this case the small magnetic moments induced in the slightly buckled graphene layer are −0.26 µ B in total, oriented antiparallel to the cluster moment.
The stable structure of Pt 3 Fe is asymmetric, it is best described as a distorted trigonal pyramid positioned sideways on the graphene layer (see figure 9(a) ) with E int = −1.16 eV/cluster relative to the free 3D tetramer. The cluster induces a strong corrugation with an amplitude of 0.68 Å in the graphene-layer, the C atoms located below the cluster are pulled upwards. The magnetic moment of the Pt 3 Fe/graphene complex is 4 µ B in the scalar-relativistic limit, much lower than the magnetic moment of 7 µ B obtained for the free 3D cluster. The reduction of the magnetic moment is due to the strong quenching of the spin on the Pt atoms while the spin on the Fe atom not in direct contact with the C atoms is only modestly reduced. A slightly lower adsorption energy (E int = −1.04 eV/cluster) has been found for a distorted Pt 3 Fe tetrahedron binding to graphene through the Pt-Fe edge, see figure 9 (b). In this case the corrugation in the C-layer is smaller and amounts to 0.40 Å. The total magnetic moment is again 4 µ B .
The GS geometry (E int = −1.20 eV/cluster relative to the stable 3D isomer of the free cluster) of Pt 3 Co supported on graphene is similar to that of an adsorbed Pt 4 tetramer [9] . It can be described either as a strongly distorted tetrahedron or as a deltoid bent about the short diagonal (see figure 10(a) ). The cluster binds to the support through the Co and one of the Pt atoms, both are located between br-and ot-sites. The total moment of the cluster/graphene complex is 3 µ B , equal to the magnetic moment of the low-spin isomer of the gas-phase 3D cluster. In a metastable variant (E int = −0.31 eV/cluster) the supported cluster forms a distorted trigonal pyramid binding to graphene through the Pt 3 isocele triangle with the Pt atoms located near br sites, capped by the Co atom, see figure 10(b) . In both cases, the cluster induces quite a strong corrugation in the graphene layer of 0.33 and 0.49 Å, respectively. The spin moment is again 3 µ B .
Due to the strong binding to the substrate relativistic calculations including SOC predict only minimal changes in the adsorption geometries relative to the SR result, the SOCinduced changes in the magnetic properties and the MAE are discussed below.
Magnetic anisotropy of Pt-Fe tetramers on graphene.
Relativistic calculations predict for the most stable Pt 3 Fe cluster an easy magnetic axis parallel to the graphene layer and to the Pt-Pt edge binding to graphene (see figure 11(a) ). The total magnetic moment is 4.15 µ B , the slightly reduced spin moment of 3.74 µ B is over-compensated by the orbital moment of 0.41 µ B . Two excited magnetic configurations higher in energy by only 0.9 meV/cluster have been found, one with magnetization perpendicular to the support and one with in-plane magnetization perpendicular to the Pt 3 triangle. The spin moment is almost isotropic, the orbital anisotropy is also very small ( m L = 0.02 µ B ) under a rotation of the moment to a direction perpendicular to the graphene layer. The orbital anisotropy is larger ( m L = 0.14 µ B ) for the second excited state. The very low MAE correlates with the asymmetric geometric and magnetic structures.
A slightly larger MAE of about 1.7 meV/cluster has been calculated for the metastable adsorption geometry of Pt 3 Fe.
Details of the local spin and orbital moments of all Pt-Fe tetramers on graphene are summarized in table IX of the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia), the magnetic structures of the the metastable Pt 3 Fe tetrahedron on graphene are displayed in figures 2(a) and 3 of the supplement (stacks.iop.org/JPCM/27/046002/mmedia).
The easy magnetic axis of the almost perfectly trigonal PtFe 3 pyramid is perpendicular to graphene and to the basal Fe 3 triangle (magnetic point group symmetry 3 m), with a spin moment of 8.40 µ B and an orbital moment of 0.52 µ B , see figure 11 (b). Two states with in-plane magnetization and the total moment either parallel or perpendicular to an FeFe bond are found to be energetically degenerate, with an MAE of 12.4 meV/cluster. The threefold symmetry is lost, but this is manifest only for the local orbital moments. The spin moment is strictly isotropic, the orbital moments on the Fe atoms are reduced to about half their value for hardaxis magnetization. Table IX of the supplementary material (stacks.iop.org/JPCM/27/046002/mmedia) lists all local spin and orbital moments.
Magnetic anisotropy of Pt-Co tetramers on graphene.
The easy magnetic axis for the stable Pt 3 Co cluster on graphene is parallel to the graphene-sheet and to the upper Pt-Pt edge, but the small local spin and orbital moments on the Pt atom adjacent to graphene are antiparallel to those on the other three atoms, see figure 12 (a). The magnetic point group symmetry is m relative to a mirror plane passing through one Pt and Co atom and perpendicular to graphene. The spin magnetic moment of 2.73 µ B is slightly reduced by SOC, but it is over-compensated by the orbital moment of 0.56 µ B (m J = 3.29 µ B ). In-plane rotation of the magnetization to a direction parallel to the Pt-Co edge costs an MAE of 13.4 meV and leads to the formation of an asymmetric configuration with strongly non-collinear local moments and a slight reduction of the total spin and orbital magnetic moments:
The hard magnetic axis is orthogonal to the graphene layer, its energy is 15.4 meV above the GS. In this solution the magnetic moments are further reduced to m S = 2.65 µ B , m L = 0.40 µ B , m J = 3.05 µ B , the local moments are canted relative to the global magnetization axis. The magnetic point group symmetry is m. The MAE calculated for graphene-supported cluster is only about one third of that calculated for the free 3D Pt 3 Co tetramer (which is correlated to a high-to low-moment transition), but larger than for the free 2D cluster. The value of the magnetic moment is larger than for the low-moment state of the free 3D cluster and lower than for the 2D configuration, which is primarily due to the strong quenching of the spin-moment on the Co atom binding to the support from 2.26 to 0.96 µ B . Compared to Pt 3 Fe, for the Pt 3 Co tetramer the reduction of the magnetic anisotropy upon adsorption on graphene is less pronounced. This is also related to the fact that the adsorption configuration of Pt 3 Fe is asymmetric whereas adsorbed Pt 3 adopts a symmetric configuration intermediate between the 2D and 3D geometries of the free tetramer. The easy and hard magnetic In the magnetic GS of the PtCo 3 pyramid the local spin and orbital moments on the Co atoms are non-collinear, reflecting the asymmetry of the geometric structure. The easy magnetization direction is perpendicular to a Co-Co bond and parallel to a C-C bond of the graphene layer, tilted away from the graphene-sheet (see figure 12(b) ). The magnetic moments of the cluster are m S = 5.17 µ B , m L = 0.46 µ B , m J = 5.63 µ B . For a magnetization direction initially perpendicular to the support the relaxed local moments are canted towards the Pt-Co bonds, but their absolute values remain almost unchanged and the MAE is only 1.3 meV/cluster. For a magnetization perpendicular to another Co-Co bond, equivalent to the easy-axis configuration except for the displacement of the Co atoms from the 6h sites the total magnetic moment is again almost unchanged, but the energy is increased by a small MAE of 2.3 meV/cluster. The small MAE of supported PtCo 3 correlates with a very small orbital anisotropy (see table X of the supplementary material (stacks.iop.org/JPCM/27/046002/mmedia) for details of the local magnetic moments).
Discussion
The structural and magnetic properties of mixed trimers and tetramers of transition metals in the gas-phase and supported on a graphene layer have been investigated using relativistic density-functional calculations. The focus of our investigations was on the consequences of a replacement of one or more Pt atoms in free and graphene-supported Pt n clusters by a 3d atom such as Fe or Co on their geometric and magnetic structures and on the magnetic anisotropy in particular.
Scalar-relativistic results and spin-orbit coupling
Already at the scalar-relativistic level, important differences exist between the Pt-Fe and the Pt-Co clusters. Substitution of one of the Pt atoms in Pt n clusters by Fe enhances the weak spin moment of m S = 2 µ B to m S = 4, 6, and 6 µ B in Pt n Fe with n = 1, 2, 3, while substitution by Co leads only to a modest enhancement to m S = 3 µ B in mixed Pt n Co. For Pt 3 Co the low-moment state with 3 µ B is energetically degenerate with a high-moment state with 5 µ B . In PtFe n clusters containing only a single Pt atom the scalar-relativistic spin-moment is m S = 4, 8 and 12 µ B for n = 1, 2, 3, equal to the sum of the spin moments of n free Fe atoms, while for PtCo n a corresponding relation holds only for n = 1, 2 with m S = 3 and 6 µ B whereas for PtCo 3 the spin moment reaches only 7 µ B . This shows that the interaction between Pt and Fe stabilizes a high-moment state of the mixed cluster, while mixed Pt-Co clusters show only a weaker magnetic moment. Surprisingly, the high-moment state of Pt 3 Fe, PtFe 3 , but also of PtCo 3 tetramers stabilizes a flat geometry over the threedimensional arrangement in form of a distorted tetrahedron which is the ground-state of all three homo-atomic tetramers. The stabilization of the two-dimensional geometry is closely related to the result [37] that in a high-moment state of Pt 4 with m S = 4 µ B a flat geometry is preferred over the tetrahedral structure stable in the weakly magnetic ground-state with m S = 2 µ B . Only the magnetic energy difference leads to a very small preference for the low-spin state. For the weakly magnetic Pt 3 Co the tetrahedral geometry is lower in energy.
The magnetic energy differences between the scalarrelativistic spin-isomers are also very important for understanding the influence of spin-orbit coupling which leads to a mixing of low-energy spin-states. For the Fe n trimers and tetramers with a high-spin ground state the mixing with a lowspin isomer leads to a reduction of the spin moment if SOC is taken into account and this loss in the magnetic moment is not compensated by the small orbital moments. The situation is similar for Co 4 stable in a high-spin state while for Co 3 with a low-spin ground state SOC leads to enhancement of the spin-moments. In addition, orbital moments are always larger on the Co than on the Fe atoms (see tables 1 and 2). The situation is similar for the heteroatomic clusters: in Pt-Fe trimers and tetramers SOC leads to a reduction of the spin moment which for the Pt-rich clusters is compensated or even slightly overcompensated by the orbital moment. In the Co-rich Pt-Co clusters the loss in the spin-moment is always overcompensated by the orbital moment, while for the Pt-rich clusters SOC leads to a ground state with an increased total moment (see tables 3 and 4). For mixed clusters SOC also has a significant influence on the geometric structure, correlated to the change in the local moments. The structural consequences of SOC are most pronounced in PtFe 3 where the changes in the interatomic distances reach about 0.1 Å, they are much more modest in Pt-Co trimers and tetramers.
Magnetic anisotropy of free nano-clusters
The main emphasis of our investigations was on the correlation between the geometric and magnetic structures and on the magnetic anisotropy of the mixed nano-clusters in particular. The magnetic anisotropy energy is often discussed, following Bruno [38] within perturbation theory, which predicts that the easy axis is determined by the state with the largest orbital moment, the MAE being proportional to the strength ξ of the SOC, the spin moment and the anisotropy of the orbital moments, MAE∝ −ξm S m L , . However, this result is based on two essential assumptions: (1) the geometric structure is independent of SOC and of the direction of magnetization and (2) the spin moments and the exchange splitting of the electronic eigenstates are isotropic. Both are violated for magnetic nanostructures. For magnetic dimers all calculations [15, 39, 40] agree that the spin of 3d-dimers is isotropic, while 4d dimers show a small, but non-negligible spin-anisotropy and for 5d dimers m S can be even comparable to the orbital anisotropy. For monowires of Pt atoms it has been shown that the magnetization direction can change the magnetic state of the systems: non-zero spin and orbital moments exist only for magnetization parallel to the axis of the wire, while a state with perpendicular magnetization is non-magnetic [41] . For monowires of other heavy elements it has been shown that at their equilibrium distances the wires are close to the onset of magnetism, but that their large MAE's are not proportional to the large spin and orbital anisotropies [42] . For Pt 2 dimers a small, but non-negligible change in the dimer length for magnetization parallel and perpendicular to the dimer axis has been reported [15] .
The correlation between symmetry and MAE has been discussed by Strandberg et al [16] . If degenerate and only partially occupied electronic eigenstates close to the Fermi level exist for some direction of magnetization, but are lifted for other directions, this can lead to a large MAEe.g. for the dimers of the Co-group [15] . Similarly, for a metastable Co 3 trimer forming an equilateral triangle a larger MAE has been predicted than for a trimer whose trigonal symmetry has been broken by a Jahn-Teller distortion [16] . Trimers are the smallest clusters where a degeneracy of the electronic eigenstates can be lifted either by a Jahn-Teller distortion or by the broken magnetic point-group symmetry. Another important effect influencing the MAE has already been demonstrated in our work on small Pt n clusters: a pronounced non-collinearity and anisotropy of the local spin and orbital moments, while the total spin and orbital moments are aligned and show a smaller anisotropy [9] .
In mixed trimers the point group symmetry is 2 mm for all clusters. Due to the low symmetry, no degenerate electronic eigenstates exist for any orientation of the magnetization. The easy magnetic axis is in-plane, along the twofold symmetry axis and the magnetic point group symmetry is 2m m for Pt 2 Co, PtCo 2 and Pt 2 Fe (as for all three homoatomic trimers). Only for PtFe 2 the easy axis is along the Fe-Fe edge, the magnetic point group symmetry is m m2 . For all four trimers the calculations show a strong orbital anisotropy, a weaker spin anisotropy and for some cases non-collinear local moments and distortions of the interatomic distances as a function of the direction of magnetization (see figures 1 and 2) . The MAE depends on a complex interplay of (i) the orbital anisotropy m L , (ii) the spin anisotropy m S and (iii) the change in the geometric structure, measured by the change d ij in the interatomic distances. The dominant factor determining the strength of the MAE is the orbital anisotropy, but the dependence is not a simple proportionality. For PtFe 2 and Pt 2 Co the geometric structure is the same for the ground state and the excited configurations, the spin anisotropy is modest-hence we expect that the MAE is dominated by the orbital anisotropy. Indeed the ground state is in both cases the state with the largest total orbital moment (see figures 1 and 2 and tables I and II of the supplementary information (stacks.iop.org/JPCM/27/046002/mmedia)), but the MAE of the excited states is not determined by the total orbital anisotropy alone. For Pt 2 Co m Co L = 0.21 µ B for both excited states, but the in-plane MAE is larger than the perpendicular MAE because an in-plane rotation of the magnetization leads to a substantial negative orbital anisotropy on the Pt atoms, resulting in a nearly vanishing total orbital anisotropy. For PtFe 2 in-plane rotation of the magnetization leads to a lower orbital anisotropy, but a larger MAE than perpendicular magnetization which is also correlated to a substantial spin anisotropy.
For Pt 2 Fe and PtCo 2 the MAE depends on m L , m S and substantial values of d ij . The remarkably large perpendicular MAE of PtCo 2 results from the strong spin isotropy of both species, while for Pt 2 Fe the increasing MAE follows the trend in m L , especially the loss of the orbital moment on the Pt atoms with the much stronger SOC.
For 2D Pt 3 Fe tetramers the MAE depends on substantial spin and orbital anisotropies and strong structural distortions (see figure 7(a) ). The two excited states with in-plane magnetization have larger orbital moments on the Pt atoms than the ground state with perpendicular magnetization, but also increased Pt-Fe distances. Perpendicular magnetization is stable because the energetic cost for the change in structure overrides the magnetic energy difference. For 2D PtFe 3 the geometric structure is independent of SOC. In the ground state the magnetization is parallel to the Fe-Fe diagonal (see figure 8(a) )-in accordance with the easy axis of PtFe 2 trimers along an Fe-Fe edge. Spin anisotropies are very small, the ground state is the state with the largest total orbital moment. The two excited states differ mainly in the sign of the orbital anisotropy on the apical Fe atom.
For 2D PtCo 3 the structure is again independent of SOC, spin anisotropies are modest. The easy axis is along the twofold symmetry axis, perpendicular to the Co-Co diagonal (in analogy to PtCo 2 ). For the two excited configurations the MAE increases with increasing m L .
The exceptionally large MAE of 3D Pt 3 Co forming a distorted trigonal pyramid results from a very large spin anisotropy (see figure 8(b) ). For the ground state with magnetization perpendicular to the Pt 3 triangle the total spin moment is intermediate between the scalar-relativistic spin moments of the energetically degenerate low-and high-spin isomers. Together with a large orbital contribution the total moment reaches the scalar-relativistic spin moment of the high-spin isomer. For the two excited configurations the spin moment is much lower and the orbital moments are also reduced, most strongly on the Co atom.
Our calculations have shown that in some cases there are large differences in the MAE of different excited stationary configurations. These differences are a measure for the anisotropy of the magnetic energy surface. The quantity determining the stability against a thermally induced reversal of the magnetization direction, however, is the energy of the lowest saddle point on the magnetic energy surface. For the trimers this energy varies between 6.7 meV/trimer for PtCo 2 and 11.3 meV/trimer for PtFe 2 . The saddle point is associated with an in-plane rotation of the magnetic moment for PtCo 2 and Pt 2 Fe and with a change from in-plane to perpendicular magnetization for PtFe 2 and vice-versa for Pt 2 Co. These values are enhanced by about one order of magnitude compared to the energy barrier against in-plane rotation of the magnetization in Pt 3 of 0.6 meV/trimer [9] and also increased by about a factor of five compared to Co 3 and Fe 3 trimers. For the 2D tetramers the saddle-point energy varies between 3.1 meV/tetramer for PtCo 3 and 6.4 meV/tetramer for Pt 3 Fe (in-plane rotation in both cases). The much larger MAE of PtCo 3 is a particular case, associated with the degeneracy of different magnetic isomers without SOC. In this case a direct comparison with the Pt 4 tetramer is no possible because of its antiferromagnetic ground state. The lowest barrier for the magnetization reversal of the excited ferromagnetic state is much larger, 21.2 meV/tetramer. [9] Compared to the stable 3D Fe 4 and Co 4 tetramers we find a modest enhancement compared to Fe 4 and a strong one for Co 4 .
Graphene-supported nano-clusters
Hetero-atomic clusters bind to graphene preferentially through the 3d atoms. This means that while for PtX 2 trimers the twofold symmetry can be preserved upon adsorption, the symmetry of free Pt 2 X trimers is broken upon adsorption. Because of the need to match the distance between the preferred adsorption sites on the graphene layer, the distances between the atoms binding to the substrate are increased by 0.2 to 0.45 Å (see figures 3 and 5). Spin-and orbital moments on these atoms are reduced, 5d atoms are more affected than 3d atoms. The same observations hold also for graphenesupported tetramers. The stable adsorption geometry of Pt 3 X clusters is intermediate between the 2D and 3D configurations of the free tetramers (as also observed for Pt 4 , see [10] ), PtX 3 tetramers form distorted trigonal pyramids with expanded X-X distances. No structural changes upon re-orientation of the magnetization have been found.
For the trimers we note a distinct difference between PtX 2 and Pt 2 X clusters. The former are bound to graphene in a configuration preserving the 2 mm point group symmetry of the free clusters. The spin moments on the 3d atoms are reduced by about 0.3 µ B for PtFe 2 and by 0.6 µ B for PtCo 2 , orbital moments are reduced by about a factor of two. On the Pt atom spin and orbital moments are reduced for PtFe 2 , but they remain almost unchanged for PtCo 2 . The easy axis is along the twofold symmetry axis of the trimer, perpendicular to graphene. The MAE for rotating the magnetization axis parallel to the graphene layer is significantly reduced compared to the free trimer for PtFe 2 , but remains of the same order of magnitude for PtCo 2 . The dominant influence on the MAE comes from the orbital anisotropy, but for PtCo 2 there is also a non-negligible spin anisotropy (see parts (a) of figures 4 and 6 for details. The saddle point energy to be overcome for a magnetization reversal is 3.3 meV/trimer for PtFe 2 and 8.6 meV/trimer for PtCo 2 . This is of the same order of magnitude than the MAE of 5.1 meV/trimer calculated for the low-symmetry configuration of Pt 3 /graphene [10] .
For the low-symmetry configuration of the Pt-rich trimers there is no direction for which the magnetic energy can be expected to be stationary for symmetry reason. The stationary solutions found in the simulations are asymmetric, with a certain degree of misalignment between the local spin and orbital moments (see parts (b) of figures 4 and 6 for details). The minimum energy for a magnetization reversal is only 0.2 meV/trimer for Pt 2 Fe and 2.0 meV/trimer for Pt 2 Co. These energies are much lower than that calculated for a Pt 3 trimer on graphene.
For the graphene-supported tetramers the geometric structure is again of decisive importance for the magnetic anisotropy. For the 3d-rich clusters the binding to the substrate stabilizes the slightly distorted structure of a trigonal pyramid, in contrast to the flat structure of the free tetramers. Due to the necessity to match the substrate, the distances between the 3d-atoms forming the basis are stretched by about 0.2 Å (PtFe 3 ) and 0.3 Å (PtCo 3 ) compared to the metastable 3D configuration of the free tetramers, such that the Pt atoms moves closer to the plane of the 3d-triangle. For PtFe 3 the spin moments of both species are reduced by adsorption and isotropic, the orbital anisotropy is largest on the Fe atoms and correlated to a large MAE of 12.4 meV/tetramer. For PtCo 3 the spin moments are strictly isotropic, the opposite sign of the local orbital anisotropies leads to an isotropic total orbital moment and to a small MAE (see parts (b) of figures 11 and 12). The easy axis is perpendicular to graphene for PtFe 3 , but oblique for PtCo 3 (reflecting the broken symmetry of the adsorption structure). The minimum energy barrier for a reversal of the magnetization direction is 12.4 meV in the first, but only 1.3 meV in the second case.
Pt 3 Fe tetramers are adsorbed in an asymmetric configuration, leading to a very low MAE of only 0.9 meV/tetramer. Pt 3 Co is bound in a more symmetric state, adopting a structure intermediate between the 2D and 3D isomers of the free cluster. The total orbital anisotropy is low, resulting from a compensation between a large positive m L on the Pt and a negative one on the Co atom. The orbital anisotropy on the Pt atoms prevails, leading to a substantial MAE for magnetization reversal of 13.4 meV/atom.
Compared to the free tetramers, the minimum barrier for magnetization reversal is lowered by a factor ranging between about 4 (Pt 3 Co and Pt 3 Fe) and 2 (for PtCo 3 ) Only for PtFe 3 the barrier height is even doubled. The larger MAE is related to a larger orbital anisotropy on the Fe atoms binding to graphene. Compared to the graphene-supported Pt 4 tetramer with a barrier-energy of 3.2 meV/tetramer we note an enhancement by about a factor of four for Pt 3 Co (which adopts a similar structure) and for PtFe 3 , but a reduction by about a similar amount for Pt 3 Fe and PtCo 3 .
Conclusions
The aim of our study was to investigate, at the example of Pt-Fe and Pt-Co trimers and tetramers, whether mixed magnetic nanostructures consisting of 3d and 5d atoms provide a better stability against the reversal of the magnetization direction than homoatomic clusters of either elements. An important result is that the magnetic anisotropy energy depends not only on the anisotropy m L of the orbital moments (which is the dominant factor for 3d nanostructures), but also on the spin anisotropy m S and on geometric distortions d ij imposed by a change in magnetization direction. While the spin anisotropy is smaller than for homoatomic Pt n clusters, the geometric distortions can be significantly more important.
For the free trimers the total energy difference calculated for easy and hard magnetization directions is of the same order of magnitude than for Pt 3 for PtFe 2 and Pt 2 Co, but enhanced by a factor of more than two for Pt 2 Fe and PtCo 2 due to the combination of a large total magnetic moment with a large orbital anisotropy and significant distortions of the isocele geometry. The most important result, however, is that the lowest energy of a saddle point configuration leading to a magnetization reversal ranges between about 7 and 11 meV/trimer, strongly enhanced compared to the low in-plane anisotropy energy of 0.6 meV/atom for Pt 3 (see [9] ).
For free tetramers the surprising result is that, with the exception of Pt 3 Co, the high magnetic moment of the free tetramers stabilizes a flat geometry. For Pt 3 Co where low-and high moment states are energetically degenerate, the enhancement of the magnetic moment is not strong enough to stabilize the two-dimensional geometry. For the stable flat tetramers the energy difference between easy and hard magnetization directions varies between 12.5 and 21.4 meV/tetramer. The lowest saddle-point energy determining the stability against magnetizations reversal is lower, varying between about 3 and 6 meV/tetramer. Compared to a free Pt 4 cluster with an antiferromagnetic ground state the important effect is that in the mixed ferromagnetic ordering is stabilized. Only for 3D Pt 3 Co we find a very large MAE of about 54 meV/tetramer, correlated to very large spin and significant orbital anisotropies.
However, it has to be admitted that the results for free clusters are mostly of academic interest, because for any measurement or application the cluster have to be supported on a substrate-here graphene was chosen as the example of a rather inert, weakly binding substrate. We found that because the bond strength between adatom and substrate is very different for 3d and 5d atoms, the distorted (relative to the gasphase clusters) adsorption geometries of Pt-rich Pt 2 X clusters have a very low symmetry leading to a reduced magnetic anisotropy and a lower stability against magnetization reversal. For Pt 2 X trimers the saddle-point energies for magnetization reversal are strongly reduced, whereas for PtX 2 clusters conserving the symmetry they are of the same order of magnitude than for the free clusters and comparable to supported Pt 3 trimers. For tetramers the necessity to match to the substrate destabilizes the flat geometry of the free clusters. A high stability against magnetization reversal is found for PtFe 3 and Pt 3 Co forming more symmetric adsorption geometries, whereas the low energy barriers of Pt 3 Fe and PtCo 3 result in the first case from the low symmetry of the cluster and in the second from very small total spin and orbital anisotropies. Only for the first two tetramers the saddle point energy of about 12 and 13 meV/tetramer is significantly larger than the value of 2.6 meV/tetramer for Pt 4 on graphene [9] .
Altogether our results demonstrate that investigations of the magnetic anisotropy of mixed nanostructures must be based on a simultaneous optimization of all structural and magnetic degrees of freedom and on selfconsistent calculations of the total energies of the competing configurations.
